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ABSTRACT. The aim of this work is to evaluate the mechanical properties and 
failure analysis of cellular core structures with different geometries that were 
obtained by additive manufacturing.  
Sandwich panels are widely used in the aerospace and automotive industry. In 
general, the core of the panels is made of a two dimensional cellular with a 
honeycomb geometry. With the development of additive manufacturing 
methods it is possible to produce samples with complex geometries which 
may compete with conventional designs. 
Thus an investigation was conducted to evaluate the mechanical behavior of 
three core geometries, specifically, regular honeycombs, lotus and hexagonal 
honeycombs with Plateau borders. Samples were produced in PLA (polylactic 
acid) by fused deposition modelling (FDM). Experimental compressive 
loading in three different directions, and finite element simulations of the 
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Load direction angles were found to have a strong influence in the failure 
mode. 
Among the three structures, and for the same relative density, the lotus 
geometry exhibited the highest stiffness and strength. However, the absorbed 
energy was found to be higher for honeycomb, at two loading directions. 
Some of the structures studied may be alternative to conventional designs 
pursuing the strategy of design with low weight and high strength. 
  
KEYWORDS. Cores of sandwich composites; Mechanical properties; Additive 
Manufacturing; Fused deposition modelling; Finite element method. 
 
 
INTRODUCTION   
 
omposite cellular panels are of great potential in the field of transportation, automotive and aerospace industries, 
among others [1–7]. The main advantages of composites are their high strength-to-weight ratio, as well as, high 
stiffness-to-weight ratio. Sandwich panels are made of two skin sheets and a thicker core in between. The core 
may be a three dimensional material or a two dimensional cellular structure, which, in general, has a regular honeycomb 
geometry. The role of the honeycomb structure in the sandwich panels is to provide low density, high strength, high 
stiffness and capacity to absorb impact energy [1,5]. The mechanical response and failure behaviour of sandwich panels 
under different loading conditions has been extensively investigated [8–14]. 
Nevertheless, two dimensional cellular structures reveal, in-plane, lower stiffness and strength in comparison with the out-
plane behaviour. Although regular hexagonal arrangements are the most common geometries to be used in honeycomb 
panels, research has also focussed on new designs for the enhancement of in-plane properties [15].  There have been 
several experimental and numerical studies on the behaviour of sandwich structures with different core topologies which 
include honeycombs with corrugated walls [16,17], with ceramic tiles [18], auxetic cores [15,19],  egg-box structures [7,20], 
truss cores [21,22], and other core designs, such as the ones studied by Araújo et al [23]. These authors [23] introduced 
three core designs for sandwich composite structures based on topologies proposed by Ronan et al.[24]. Taking 
advantages of additive manufacturing methods, plates with different relative densities were fabricated and the bending 
behaviour was evaluated [23].  
In fact, the development of advanced manufacturing methods enable to  produce new structures and complex shapes, 
which were restricted with more conventional manufacturing processes [21]. Fused deposition modelling (FDM) is by far 
the most common method of additive manufacturing processes [9,25–27]. In FDM, a filament of the material is 
conducted to a heated extruder, which leads to a nozzle, which moves controlled by numerical control software. A piece is 
obtained after cooling the semi-melted material which was deposited layer by layer. Several polymeric materials may be 
used in FDM, such as, PMMA (poly(methyl methacrylate)), PCL (poly(ecaprolactone)), PLGA (poly(lactidecoglycolide)), 
ABS (acrylonitrile butadiene styrene), and PLA (polylactic acid) [28–31]. PLA has a wide range of applications from the 
biomedical field to food packaging and consists in a biodegradable aliphatic polyester [32].   
The emphasis of the present work is on the study of the in-plane properties measured under compression of three core 
designs, specifically, hexagonal honeycomb, lotus material and hexagonal honeycomb with Plateau borders, which may be 
used for sandwich core panels. Although these new core designs were previously studied under bending loading 
conditions by the present authors [23], the in-plane properties were not previously addressed. Three in-plane loading 
directions making angles of 0º, 90º and 45º with the cell axis were taken into account. Finite element simulations were 
conducted and the numerical results were compared with the experimental behaviour of PLA samples produced by FDM. 
It was found that the deformation and failure of the several geometries depends, mainly on the loading direction. 
 
 
MATERIALS AND METHODS 
 
Materials 
he CAD program Solidworks (SolidWorks, 2002) was used to generate the samples. Fig. 1 shows the three 
geometric arrangements studied, hexagonal honeycomb, lotus and hexagonal honeycomb with Plateau borders. 
The parameters l and t were maintained for the three structures, as l=11.26 mm and t=2.31mm. In the lotus 
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structure the radius was taken as R=8.66 mm. The radius of the Plateau border was established as r=0.4 × l in the Plateau 
geometry. 
In cellular solids, it is usual to define the relative density 𝜌 as the ratio between the cellular material density and the density 
of the cell wall material [1], being a measure of the solid fraction. The relative densities given in Tab. 1 were calculated by 
specific equations for the mentioned configurations [24]. As the parameters l and t were kept constant in the three 
structures, the relative densities of the three structures have similar values (Tab. 1). 
The three structures were made with the same number of cells and dimensions around 118 × 136 × 10 mm. In order to 
study the response in three loading directions, cellular structures were drawn with cell axis, x, making angles of at 0º, at 90º 
and at 45º angles, with the direction of the axis X1 (Fig. 1).  
The geometries will be designated by the geometry type, Honeycomb, Lotus and Plateau, followed by 0, 90 or 45, which 
correspond to the angle between x and X1. Overall, nine distinct structures were evaluated. Examples of the 
configurations Lotus_0, Lotus_45 and Lotus_90 are given in Fig. 2. 
After being processed by the software CURA, the samples were fabricated in an Ultimaker 3 machine, using PLA 
purchased to ESUN. The temperature of extrusion and layer thickness were taken as 210°C and 0.1 mm, respectively. 
 
 a)                                       b)                                      c) 
 
Figure 1: Cells of a) regular hexagonal honeycomb, b) lotus material, and c) hexagonal honeycomb with Plateau borders of radius r = 
0.4 × l (and relative density 𝜌  0.2). 
 
 
                                               a)                                                                           b)                                                                                         c) 
Figure 2: Configuration of the lotus type with different angles between x and X1.  a) Lotus_0, b) Lotus_45, and c) Lotus_90. 
 
Experimental tests 
The mechanical compressive tests were conducted in an Instron 3369 universal testing machine. A load cell of 10 kN and 
a cross-head speed of 5 mm/min were used. The Bluehill Software allowed obtaining the load-displacement data. The 
maximum or yield values of stress Y , and correspondent strain Y , the slope of the linear region of load-displacement 
curve, K, and the energy Ey until yield, were achieved. The energy Ey was taken as the area of the curve until the yielding 
point, while the yield strain was determined dividing the yield displacement by the length of the specimen. The yield stress 
was calculated dividing the maximum load by the nominal contacting area between the plate and the specimen. The 
maximum stress was used to evaluate the strength, while the stiffness was assessed by the slope of the linear region of 
load-displacement curve.  
 





Finite element modelling 
A finite element (FE) model was developed with ABAQUS software, version 6.16, with the purpose of studying the 
failure mechanisms of the structure under uniaxial compression and to compare with the experimental data.  
The compression test was modelled with the cellular structure maintained between two parallel plates. One plate was fixed 
and the other plate was moving with constant velocity of 5 mm/min. The final displacement was fixed at 10 mm for all 
the tests. A contact interaction with a friction coefficient of 0.2 was chosen. 
The cell-wall material was taken to be elastic-plastic. The properties of the PLA material used, namely density, Young's 
modulus, Poisson's ratio and yield stress, were set as ρs =1252 kg/m3, E =1.5 GPa, ν=0.36 and σys =20 MPa, obtained 
from previous works [33]. Elements of type C3D20R, i.e., 20-node quadratic brick, reduced integration were used in the 
cell wall mesh. 
The mesh quality was assessed through convergence tests of the FE models. The convergence criterion was defined as 
less than 7% changes in the highest von Mises stress.  
The reaction force of the upper support was recorded and plotted in function of the support displacement.  
 
RESULTS AND DISCUSSION 
 
ig. 3 presents the PLA failed structures that were subjected to experimental compressive tests. Figs. 3a)-c) exhibit 
the geometries Honeycomb_0, Lotus_0 and Plateau_0. Figs. 3d)-e) show the configurations Honeycomb_45, 
Lotus_45 and Plateau_45. The geometries Honeycomb_90, Lotus_90 and Plateau_90 are presented at Figs. 3g)-i).  
Fig. 4 shows the load-displacement curves obtained for all the compression experiments.  The parameters assessed from 
the experimental tests, namely the yield stress Y , the yield strain Y , the slope of the linear region of load-displacement 
curve, K, and the energy Ey until yield, are indicated in Tab. 1. The parameters Y , K and Ey were normalized with respect 
to the relative density.  
 
Geometry 𝜌 Y /𝜌(MPa) Y (mm/mm) K/𝜌 (N/mm) Ey /𝜌 (J) 
Honeycomb_0 0.22 2.20 0.046 2553 36.95 
Lotus_0 0.28 4.37 0.027 5294 34.10 
Plateau_0 0.24 2.98 0.037 3542 36.12 
Honeycomb_45 0.22 0.93 0.037 1638 12.59 
Lotus_45 0.28 1.20 0.026 2451 9.07 
Plateau_45 0.24 1.01 0.035 1973 12.00 
Honeycomb_90 0.22 1.22 0.038 1962 17.18 
Lotus_90 0.28 2.64 0.034 4653 26.57 
Plateau_90 0.24 1.46 0.033 3082 16.58 
 
Table 1: Relative density and experimental compression results. 
 
When loads are applied parallel to the axis X1 in the honeycomb structures (Honeycomb _0) failure of cells starts at the 
mid-section of the sample (Fig. 3). If the honeycomb geometry is loaded at 90º, failure bands are observed at oblique 
angles with X1. This is in accordance with previous research [1]. Lotus and Plateau samples follow the same trend of 
honeycombs, with oblique deformation bands, when loaded at 45º and 90º, and localization of deformation at mid-
sections when loaded at 0º. The failure modes are similar for the three geometries. 
For each angle, the load-displacement curves are different for the three configurations. For the three geometrical 
arrangements, the higher loads were obtained when the configurations were loaded at the zero direction, while the lower 
loads were observed in 45º orientations (Fig. 4).  
For all three loading directions, both the strength and the stiffness are larger in the lotus configurations, followed by the 
Plateau and honeycomb arrangements (Tab. 1). The energy absorbed until the maximum load, scaled to the relative 
density, is higher for the lotus structure loaded at 90º, while has larger values for honeycomb structures in two directions, 
0º and 45º.  
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Figure 3: Compression failure of geometries a) Honeycomb_0; b) Lotus_0; c) Plateau_0; d) Honeycomb_45; e) Lotus_45; f) 
Plateau_45; g) Honeycomb_90; h) Lotus_90; i) Plateau_90. 
 
 
                                                                 a)                                                                            b) 
 c) 
Figure 4: Load-displacement curves for PLA samples Honeycomb, Lotus and Plateau in three loading directions, at angles of a) 0º, b) 
45º and c) 90º, obtained under experimental compression tests. 
 




Finite element results are shown as the von Mises stress distribution (Fig. 5), as well as load-displacement curves at the 
end of simulation tests (Fig. 6).   
As can be seen from Fig. 5, the stress distribution is not uniform along the cellular arrangement, and one may infer that 
there will be localized deformation and subsequent failure at specific zones of the arrangement. The three arrangements 
loaded at 0º show the possibility of deformation damage at mid sections, while in the other two cases (45º and 90º), 
oblique bands are to be found. These findings are in accordance with experimental failure observations (Fig. 3), with the 
exceptions of Honeycomb_45 and Lotus_45. The failure modes differ with the loading direction either in experimental or 
simulation testing.  
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Figure 5: Finite element analysis of stress after compression of geometries Honeycomb, Lotus and Plateau configurations for PLA at 
directions 0, 45 and 90 (von Mises stress (MPa)). 
 
The simulated force–displacement curves are shown in Fig. 6 for all the arrangements and the three loading directions. 
The shape of the curves was unchanged for all the geometries and loading directions with an initial linear part followed by 
a nonlinear region. For each angle the curves differ between configurations, namely in the initial slope and in maximum 
load attained (with the exception of Plateau_0 and Honeycomb_0).  In the 0º and 45º conditions the same trend is 
verified, with the lotus configuration exhibiting the highest load, followed by the honeycomb geometry and finally by the 
Plateau arrangement. For 90º case, lotus still shows the highest load. 
A comparison of Fig. 4 with Fig. 6 shows that experimental and simulation curves exhibit similar shapes. However, there 
are differences in the load values between simulation and experimental results. The differences may be due to the non-
homogeneity of the experimental specimens obtained by FDM. In fact, although the infill parameter was taken to be 100 
%, thinner struts may be formed only by the contour lines and possess no infill material which give rise to compact struts. 













Figure 6: Load-displacement curves for PLA samples honeycomb, lotus and Plateau in three loading directions, at angles of a) 0º, b) 





tructural panels made of sandwich composites are common in the fields of automotive and aerospace industries 
where the combination of high strength and stiffness with low weight are of utmost importance. In general the 
composite core is made of regular honeycomb structures. However, due to bending of cell walls, regular 
honeycombs present lower in-plane stiffness and strength. The current work pursuits new cell structure designs that lead 
to an improvement in the in-plane properties of the cellular structures.  
Three core geometries, namely hexagonal honeycomb, lotus material, and hexagonal honeycomb with Plateau borders 
were numerically simulated. Fused deposition modelling enabled the fabrication of PLA specimens that were tested in 
compression for three different loading directions.  
The failure modes differ with the loading direction but are similar for the three geometries. Failure zones present the same 
localization both in the experimental and in simulation data. 
The effect of the geometry in the properties obtained in compression  can be stated as follows: the lotus arrangement 
(which is considered to be a prismatic porous solid), gives rise to higher values of strength and stiffness in comparison 
with the Plateau configuration (that possesses an accumulation of material at vertices) and the conventional hexagonal 
honeycomb. With the preliminary results obtained in this paper, one may conclude that the Lotus configuration and in 
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